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' ABSTRACT 
The National Aeronautics and Space Administration is 
developing a distributed phased array antenna at the Lyndon B. 
Johnson Space Center as a possible upgrade for the Space Shuttle 
Orbiter S-band phase modulation communications system. The 
antenna consists of an eight-element transatit section, eight- 
element receive section, and a single L-band receive element. 
The antenna design is constrained by the existing Orbiter system 
and syce environment. 
problems led to an antenna system which provides improved link 
The solutim to the interface design 
margins and yet supports previous operational configurations. 
Thi3 paper describes the system development, antenna hardware, 
and the interface considerations which led to the final design. 
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1. INTROPUCTION 
The S-band phased array antenna is being developed to provide 
a proof of concept for a possible upgrade to the quad antenna 
currently being u-ed for the S-band phme modulation (PM) 
communication system on the Space Shuttle Orbiter. The Orbiter 
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has h i s t o r i c a l l y  exhib i ted  less than desirable l i n k  margins with 
t h i s  system, and a phased a r r a y  antenna is one s o l u t i o n  to t h i s  
problem. 
components, which  do no t  have the a rc ing  problems of t h e  cu r ren t  
antenna . 
The phased a r r a y  antenna also uses  solid state 
The cur ren t  antenna c o n s i s t s  of two crossed d ipole  antennas 
that can be switched to  produce two beams. 
of these antennas m-ted i n  the forward fuselage (Fig. l ) ,  hence 
the name "quad antennas." Depending on which quadrant the signal 
is i n ,  the  antenna system u t i l i z e s  me of the four  antennas i n  
one of t he  two  bean pos i t ions ,  during normal operat ion.  The 
cur ren t  antenna thus  limits the Orbiter to  e i g h t  beam pos i t i ons  
for f u l l  spherical coverage. Antenna coverage is at  least 3 dB 
The Orbiter has four  
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Fig. 1 S-band quad antenna placement on Space S h u t t l e  Orbiter. 
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for only 50% of the sphere.  
t r a v e l i n g  wave tube ampl i f i e r  before d i s t r i b u t i o n  t o  the 
antennas,  the switches a t  t h e  antenna loca t ions  to con t ro l  t he  
beam pos i t ion  are mechanical. 
a r c ing  problems on past Orbi ter  missions. 
Because t h e  power is generated v i a  a 
These switches have demonstrated 
2. SYSTEM DEVELOPMENT 
The o r i g i n a l  phased a r r a y  antenna system design was a passive 
phased a r r a y  wi th  no a c t i v e  components at the a r r a y  l e v e l .  
a c t i v e  cuoponent i s  defined as one requi r ing  direct cu r ren t  (dc) 
power to operate, such as an ampl i f ie r .  
ampl i f i e r s  for both t ransmi t  and rece ive  func t ions  s i g n i f i c a n t l y  
improved the  ca lcu la ted  l i n k  margin of the phased array antenna 
and also allowed the  power ampl i f i e r  m d  preamplif ier  t o  be re- 
moved from t h e  S-band PM system. 
gated previously,  but t h e  heat load a t  the antenna was too high 
to  be d i s s ipa t ed  passively.  A new design was i n i t i a t e d  in  1984 
because of advances i n  ampl i f ie r  technology tha t  promised a 
reduced heat load,  making t h e  p o s s i b i l i t y  of f ly ing  an a c t i v e  
array again feasible. 
An 
The addi t ion  of a c t i v e  
This concept had been inves t i -  
The i n i t i a l  1984 phased a r r ay  antenna besign called f o r  a 
16-element a c t i v e  array. 
c o n t r o l l e r  f o r  s e l e c t i n g  t h e  antenna beam and s e t t i n g  t h e  phase 
shifters. 
The design included a microprocessor 
Each element would be part of an e l ec t ron ic  chain 
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c o n s i s t i n g  of a phase shifter,  a c i r c u l a t o r  after the  phase 
shifter t o  isolate t h e  t r a n s m i t  and r e c e i v e  p a t h s ,  a h i g h  power 
a m p l i f i e r  ( H P A )  for t h e  t r a n s m i t  p a t h ,  a n  isolator to  p r o t e c t  t h e  
output  of t h e  HPA,  a second c i r c u l a t o r  to  isolate t h e  t r a n s m i t  
and r e c e i v e  p a t h s  a t  the antenna port, the an tenna  element ,  a 
f i l ter  for t h e  r e c e i v e  p a t h ,  and a low n o i s e  a m p l i f i e r  ( L N A )  for 
the  r e c e i v e  path.  
way power d i v i d e r  to  b r i n g  t h e  combined s i g n a l s  to  t h e  s i p g l e  
radiofrequency (RF) port which p r e s e n t l y  e x i s t s  i n  t h e  quad 
system c o n f i g u r a t i o n .  
Each phase shifter would be connected t o  a 16- 
Fur ther  system s t u d i e s  i d e n t i f i e d  m i c r o s t r i p  antenna elements  
as t h e  best element candida te  because of the low p r o f i l e .  
on ly  t i isadvantage was an i n h e r z n t l y  narrow bandwidth which would 
not  caver t h e  e n t i r e  band from 1.3 to  2 . 3  G H z .  
a l t e r n a t e  system conZigurat ions l e d  t o  the concept  of s e p a r a t i n g  
t h e  transr.iit and r e c e i v e  f u n c t i o n s  i n  t h e  .-ray, thereby removing 
t h e  requirement f o r  t h e  two c i r c u l a t o r s .  The narrow bandwidth o f  
t h e  m i c r o s t r i p  element a l s o  p r o t e c t s  t h e  r e c e i v e  p a t h ,  which 
d e l e t e d  t h e  requirement for a f i l t e r ,  s i n c e  t h e  i s o l a t i o n  between 
t r a n s m i t  (2.2175 and 2.2875 CHz) ,nd r e c e i v e  (2.0419 and 2.1064 
GHz) is now provided by t h e  system c o n f i g u r a t i o n .  The reduced 
area of t h e  i n d i v i d u a l  transmit and receive arrays is compensated 
f o r  by t h e  reduct ion  i n  pa th  loss due t o  t h e  removal of t h e  
The 
A s t u d y  of 
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circulators and filters. A single element at 1.75 GHz was 
designed to cover the requirement for 1.7767 and 1.8318 GHz for 
the Space Ground Link System. A triplexer is included to combine 
the transmit, S-band receive, and L-band receive on the single RF 
port. 
The eight-element receive and transmit subarrays are oriented 
so that there are four elements in the roll plane and two 
elements in the pitch plane. This placement allows for three 
beams across the pitch plane (180" from nose to tail) and seven 
beams across the roll plan 
bottom). 
resolution of 45", which results in 21 beams per antenna (Fig. 2) 
or 84 beams per Orbiter. 
improve the directivity and, therefore, gain of the antennas. 
The phased army antenna has a calculated gain of 13 dB on 
boresight and 9 dB when scanned k90" off boresight, which does 
not include element gain, The effective isotrooic radia'-?d power 
of the antenna will vary from 26.7 dBW on boresight to 24 dBW 
when scanned 70" from boresight. Antenna coverage is calculated 
to be 13 dB over 85% of tPe sphere. 
(45" from the top to side or side to 
The three-bit phase shifters result in a phase 
The narrower beamwidths significantly 
A schematic of the array is shown in Fig. 3. The radiatipg 
alements, triplexer, and microprocessor controller were designed 
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and fabricated in-house. The HPA's, LNA's, power divider,' 
combiner and phase shifter subassembly, and active limiter were 
purchased. 
was specified as -25O to +65O C, and the nmoperating temperature 
The operating temperature range for all components 
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Fig. 2 Three dB gain contour. 
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range was specified as -65" to +looo C. 
discussed individually in tke following section. 
The array components are 
3. ARRAY COMPONENTS 
The radiating elements for the S-band phased array alitenna 
consist of 17 microstrip elements: 
L-band receive for the Space Ground Link System frequencies. 
Each element is designed as a rectangular microstrip patch with a 
corner feed. 
right hand circular polarization. 
fabricated frGm a 0.3175 cm thick Rogers 5880 duroid shstrate. 
Element spacing in the pitch plane is every 0.47 wavelength and 
in the roll plane is every 0.56 wavelength. 
in Fig. 4 .  Element voltafie standing wave ratios (VSWR's) range 
transmit, 8 receive, and 1 
The two orthonormal modes thus excited provide 
The antenna elements are 
5,ie layout is shown 
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2ig. 3 Phased array antenna schematic. 
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and therefore improves the t r a n s m i t  l i n k  margin.  
bafidpass f i l t e r  is inc luded ,  because t h e  i n i t i a l  des ign  d id  n o t  
i nc lude  t h e  c i r c u l a t o r ,  and t r a n s m i t  s i g n a l s  were therefore 
requ i r ed  to  go through the  matching network. 
of t h e  c i r c u l a t o r ,  t h e  t r a n s m i t  bandpass f i l ter  is no longe r  
r equ i r ed  and is t h e r e f o r e  connected t o  a 50 ohm load. 
path,  the  VSWR’s are 1.13:l or better, and the  h i g h e s t  i n s e r t i o n  
loss is 2.9 dB between the coamon ou tpu t  and the  S-band r e c e i v e  
i n p u t ,  which does no t  s i g n i f i c a n t l y  degrade  t h e  l i n k  margin s i n c e  
t h i s  loss is after t h e  Lh‘A’s i n  t he  r e c e i v e  path.  I s o l a t i o n  is 
75 dE from the C O I R M ) ~ ~  i n p u t  to  the rece‘ive i n p u t s  and g r e a t e r  
than  20 JB frm t h e  r e c e i v e  i n p u t s  to  the  t r a n s m i t  o u t p u t .  
A t r a n s m i t  
With t h e  a d d i t i o n  
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Fig. 5 Triplexer h!ock diagram. 
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Isolation is greater than 48 dB from tne transait output to the 
receive inputs. 
The microprocessor controller for the S-band phased array 
antenna sets the phase shifters based on the desired pointing 
angle and returns telemetry data. 
compared to a data list which determines the beam. The phase 
shifter bit pattern for this beam is then output to the piiase 
shifters. 
selected beam nmber, microprocessor health data, one c4 the HPA 
temperatures, and a flog for the HPA RF power levels. 
exchange occurs every 2 sec, which means that it takes 16 sec to 
poll all of the eight HPA temperatures. 
Roll and pitch angles are 
The microprocessor returns telemetry consisting of the 
The data 
The HPA's are placed in the transmit paths to raise the power 
Each three-stage amplifier was just beforz the antenna ..lements. 
specified to produce 7 W PF output at the transmit frequencies 
and be at least 30% efficient. 
at -25O, +23O, and +65" C, the highest temperature tended to 
prodtice a slightly low output power (6.62 W minimum, instead s f  
7 k ) .  Efficiencies range from 32.0% to 42.5%. Circulators are 
included internally on the input and output of each HPA to allow 
the HPA to operate with a VSWR of any magnitude and phase, on 
either input or output. The HPA temperature -ind detected RF 
output power level are provided as dc voltages. 
When these amplifiers were tested 
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The LNA's are included in the S-band phased array antenna to 
reduce the noise figure and increase the signal-to-noise ratio. 
m e r e  are eight LNA's, one for each of the eight receive 
elements. The mididate LN' was plzced in ';he Electronic Systems 
Test Laboratory Orbiter S-band PH receive configuration. The bit 
error rate was improved by 1 dB when the Orbiter S-band pre- 
amplifier was replaced with the candidate LNA. 
array were therefore ordered with gain tolerances from 35.0 to 
36.5 dB and a 1.5 dB noise figure. Actual test data show that 
the LNA's have noise figures of 1.28 dB maximum and a maximum 
VSWR of 1 .8 : l .  The total power dissipated by all eight units is 
9.62 W .  
The LNA's for the 
The 16 phase shifters, 8-way power divider, and 8-way power 
combiner for the antenna are integrated into a single subzsse d y  
that requires less volume and provides a lower insertion Loss 
because of the direct connections from thr phase shifters to the 
power divider and power combiner ports. Insertion losses are 
12.9 dB maximum and VSWR's are 1.52:l maximum. The minimum 
isolation is 18.7 dB. 
An active limiter is inserted in the receive path of the 
agtenna to protect the Orbiter S-band transponder from excess RF 
energy. The device limits thc ii? power to -25 dBm in the receive 
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p a t h  between t h e  power combiner and t h e  t r i p l e x e r  and is 
r e f l e c t i v e  when l i m i t i n g .  
4. ORBITER INTERFACES 
The e x i s t i n g  c a v i t y  i n  the  Orbiter must be used for t h e  
S-band phased a r r a y  an tenna ,  s i n c e  f a b r i c a t i n g  new holes i n  t h e  
Orbiter s t r u c t u r e  and r o u t i n g  new cables would be too c o s t l y .  
The c a v i t y  was t h e r e f o r e  def ined  as t h e  maximum a v a i l a b l e  
envelope for t h e  phased a r r a y .  The c u r r e n t  antenna does not  
u t i l i z e  ~ l l  of t h e  c a v i t y ,  so a s t u d y  was performed t o  d e f i n e  the  
limits of t h e  c a v i t y .  
toward the f r o n t  of t h e  Orbiter, and t h a t  t h e  upper and lower 
c a v i t i e s  d i f fe r .  
Sased on .ie c a v i t y  dimensions is shown i n  F ig .  6 .  A l l  of t h e  
antenna components must be mounted i n  t h i s  housing, as shown i n  
Fig.  7. The phased a r r a y  antenna r e q u i r e s  one more connector 
than *,he cLirrent an tenna ,  so t h e  connectors  on t h e  housing had t o  
b ?  placer' t; f i t  through t h e  h o l e  i n  t h e  s k i n  i n  t h e  Orbi te r  
diir inf 73un t i n g  . 
I t  was found that the  c a v i t y  was smaller 
The ant,enna housing for the upper r i g h t  antenna 
The phased array antenna is designed t o  be coolecj Gassively,  
s i n c e  it is impossible  t o  r o u t e  cool ing  l i n e s  t o  t h e  antenna 
l o c a t i o n s  without  modifying t h e  Orbiter s t r u c t u r e .  
Lirray ?.itenria can d i s s i p a t e  a maximum of 94 W of h e a t  using 
x - l i n g  s t r a p s  t i e d  t o  t h e  frame of t h e  Orbiter. 
The phased 
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PU system can be removed for the phased a r r a y  antenna system. 
This saves power and also l eaves  more room i n  t b e  av ionics  bay 
for other avionics  system coraponents. 
5 .  cowcLusIows 
The phased a r r a y  antenna w i l l  maintain a better l i n k  margin 
during a l l  modes of operat ion than the cu r ren t  antenna and has 
produced a more e f f i c i e n t  system requi r ing  less power. 
phased a r r a y  antenna w i l l  provide 10 dB over  85% of the sphere,  
The 
compared to 3 dB over 50% of the sphere for the cu r ren t  antenna. 
In  addi t ion ,  the a rc ing  problem of the cu r ren t  antenna has been 
overcome and add i t iona l  b e n e f i t s  of more room i n  the  av ionics  bay 
w i l l  be achieved. 
a r r a y  antenna system w i l l  be half as expensive as the  cu r ren t  
Current estimates p red ic t  that the  phased 
antenna system. 
F ina l  assembly and t e s t i n g  is planned for the  remainder of 
1986 with environmental t es t s  occurring in  e a r l y  1987. 
revdlts of al l  these tests w i l l  then be presented t o  the  Space 
The 
S h u t t l e  Pro jec ts  CFfice with spec i f i ca t ions  for an opera t iona l  
system and f i n a l  recoarmendations. 
retrofit the  e x i s t i n g  Orbiters or t o  include t h e  phased a r r a y  
The dec is ion  whether t o  
(%sign on f u t u r e  Orbiters can then be made. 
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